Glutamate dehydrogenase becomes density labeled through the incorporation of deuterium and '5N when detached oat leaves (Avena sativa var. Fulghum) are incubated in the presence of ammonia. The enzyme has been isolated by means of DEAE-cellulose chromatography, ammonium sulfate precipitation, isopycnic equilibrium centrifugation, and disc electrophoresis from leaves fed L-methionine-85S. Radioactivity is incorporated into isozyme 1 of glutamate dehydrogenase, whereas isozyme 2, detected only in the absence of ammonia, has not been labeled. Cycloheximide, chloramphenicol, puromycin, and 6-methyl purine inhibit the elevation of glutamate dehydrogenase by ammonia. It is suggested that the increase in glutamate dehydrogenase activity is due to de novo synthesis of isozyme 1.
Increase of GDH' activity in the presence of ammonia has been reported in roots of rice (9) , pea (11) , pumpkin (12) , wheat shoots (13) , and oat leaves (2) . Since the stimulation of GDH level was prevented by cycloheximide, it has been attributed to an induction of enzyme biosynthesis (2, 9, (11) (12) (13) . The pitfalls involved in using protein synthesis inhibitors as the sole criterion for de novo synthesis and turnover rates of protein have been discussed by Filner et al. (5) and Huffaker and Peterson (8) , respectively. The apparent induction of GDH, as suggested in the above mentioned reports, appears to be premature if not invalid.
We have reported previously that the level of GDH was increased 8-fold in detached oat leaves during 72 hr of incubation with 15 mM ammonia (3) . The enzyme increase was proportional to ammonia concentration, inhibited by cycloheximide and correlated with an appearance of a new isozyme (2) . In the present study, density labeling and radioactive labeling techniques have been employed to obtain evidence for ammoniumdependent de novo synthesis of GDH.
MATERIALS AND METHODS
Seedlings of Avena sativa var. Fulghum were grown for 10 days under controlled conditions (2) . The first leaves were cut I Abbreviations: GDH: glutamate dehydrogenase; LDH: lactic dehydrogenase.
off and floated on either distilled H20 or 15 mi ammonium chloride solution, pH 6.5, in a Pyrex pan. The incubation mixture, normally 2 g fresh leaves/200 ml, contained 5 ,ug/ml each of streptomycin and penicillin. The density label was introduced by either replacing the '4NH4Cl with 97 atom % '5NH4CI or by making the medium up in 50% D20 (v/v) or both. After an incubation period of 72 hr, the leaves were rinsed with distilled H20, blotted with filter paper, and used for enzyme extraction. Extraction procedures and assay for GDH activity were described earlier (2) . The dialyzed crude extracts were used for isopycnic equilibrium centrifugation.
The procedure for density gradient centrifugation was essentially that used by Filner and Varner (4) . Enzyme solution containing 10 ,ug of lactate dehydrogenase (EC 1.1.1.27, Sigma) as a marker, was uniformly mixed with CsCl to make a final volume of 3 ml and a mean density of 1.30. Each tube contained approximately 160 and 80 GDH units for ammonium and water treatments, respectively. The tubes were centrifuged at 43,000 rpm for 65 hr at 4 C in a Beckman Model L3-50 ultracentrifuge using a SW-501 rotor. After centrifugation the tubes were punctured at the bottom and two-drop fractions were collected in the cold. The refractive index of every tenth fraction was determined with a Bausch and Lomb Abbe-32 refractometer, and the measured values were converted to density units by means of a standard curve. LDH activity was assayed according to the method of Kornberg (10) . Peak centers were determined from a plot on Gaussian paper (14) .
To obtain a radioactive enzyme fraction, the excised leaves were cultured as described above in the presence of L-methionine-35S, 0.5 ,Ci/ml, (100-250 mCi/mmole, Radiochemical, Amersham). After a 72-hr incubation period, 2 g of fresh leaves were blotted dry, and the enzyme was extracted and dialyzed (2) . The enzyme preparation was placed on a column (1.3 X 11 cm) of DEAE-cellulose (Whatman microgranular DE-52) previously equilibrated with 0.05 M tris-HC1, pH 8.5, which was 1 mm with respect to 2-mercaptoethanol. The column was washed stepwise with 40 ml of the equilibration buffer and 40 ml of buffer containing 0.1 M KCI. Enzyme elution was performed with 0.2 M KCI. Fractions of 2.5 ml were collected. The enzyme fractions were pooled, and the GDH was precipitated with ammonium sulfate between 45 and 70% saturation. The precipitate was dissolved in a small volume of 0.05 M tris-HCI buffer, pH 8, dialyzed for 2 hr and used for isopycnic equilibrium centrifugation. The peak fraction obtained after centrifugation was fractionated by disc electrophoresis. Disc electrophoresis on 7% acrylamide was performed by using tris-glycine buffer, pH 8.3 (2). The current was regulated to 2 mamp per column (10 cm length) for 10 min and then increased to 4 mamp. The nol blue, which was used as a tracking dye, left the bottom of the column. GDH activity was detected by the tetrazolium technique, and scanner tracing of the gels were made by using Gilford 2410 transport scanner tracing of the gels were made by using Gilford 2410 transport scanner at 610 nm. Corresponding gels were cut by Yeda macrotome into 1-mm sections. Each section was placed in a 3-ml counting vial containing 0.1 ml of toluene-100 (Packard Inc.) and incubated for 24 hr before adding Bray's scintillation fluid. Radioactivity was measured with Packard Model 3375 liquid scintillation spectrometer.
RESULTS AND DISCUSSION
When detached oat leaves were floated on either D20 or H20 in the presence of '4NH4Cl and '5NH4Cl, respectively, an increase of approximately 8-fold was detected in GDH activity (units/g fresh weight) as compared to water alone. The specific activities of GDH were about 40 and 5 units/mg protein in the presence and absence of ammonia, respectively (3). In order to test whether the increase in GDH activity resulted from activation of pre-existing GDH molecules or from de novo synthesis of GDH molecules, density labeling experiments were performed. GDH extracted from leaves incubated in the presence of D20 and '5NH4Cl has a buoyant density of 1.30, whereas GDH extracted from leaves incubated only with D20 shows a buoyant density of 1.28 (Fig. 1) . Since control leaves were incubated with D20, the possibility that deuterium exchange with preexisting proteins contributed to the density shift (1) can be excluded. In accordance with Hu et al. (7), the substitution of merely I5N for 14N caused a considerably smaller density shift (0.003 g/cm) than that of deuterium and 15N (0.02 g/cm), suggesting that deuterium is mainly responsible for the mass increase of GDH. This finding suggests the occurrence of ammonium-dependent de novo synthesis of GDH in excised oat leaves.
Additional evidence for synthesis of GDH in oat leaves has been obtained from experiments on the incorporation of radioactive amino acid. Methionine-15S was fed to leaves in the presence or absence of ammonia. The GDH was then isolated by a 857 combination of DEAE-cellulose column and ammonium sulfate precipitation followed by separation in isopycnic equilibrium centrifugation. The distribution of GDH activity and radioactive proteins appears to overlap after the density gradient centrifugation (Fig. 2) . Following the centrifugation step, the enzyme preparations contained about 1 % of the radioactivity present in the original homogenate and up to 33% and 14% of GDH activity in ammonium and water-control treatments, respectively.
The peak fraction was subjected to disc electrophoresis by placing 2 Detached leaves were incubated with 15 mM ammonia supplemented with various inhibitors. Specific activity was determined after 72 hr, and the difference between the ammonia and water treatments are expressed as the maximal increase (control).
Treatment
Relative Treatment~~~~G DH Activity corresponding to the slower moving isozyme 1 (2) was detected in GDH preparation from ammonium-cultured leaves (Fig.  3a) . On the other hand, two isozymes were revealed in watercontrol leaves in which the activity of the faster moving isozyme 2 was predominant (Fig. 3b) . Although only isozyme 2 was initially reported in water-control leaves (2), a slight activity of isozyme 1 occasionally appeared after 3 days of incubation without significantly altering the level of GDH. The appearance of isozyme 1 in control leaves could result from release of ammonia by deamination processes since it was not present prior to incubation. Measurements of radioactivity along the columns indicated a single radioactive fraction in ammonium-treated and control leaves, respectively (Fig. 3) . The peak of radioactivity corresponded in shape and position to the activity of isozyme 1. No radioactive incorporation into isozyme 2 was detected (Fig.  3b) . Staining of gels with aniline black did not reveal any protein bands. The data presented above imply that isozyme 1 but not isozyme 2 was synthesized within 3 days period in excised oat leaves. This finding might explain the relative concentrations of the two isozymes in oat leaves (2) . The accumulation of isozyme 1 in ammonium-cultured leaves suggests that its synthesis exceeds degradation, whereas the disappearance of isozyme 2 might indicate that its degradation exceeds synthesis.
The effect of metabolic inhibitors is shown in Table I The density labeling of GDH (Fig. 1) and incorporation of radioactive amino acid into isozyme 1 molecules (Fig. 3) are indicative of de novo synthesis. Accumulation of GDH in the presence of ammonia continues for at least 3 days with increasing rates of enzyme production (3). The above observations can be best explained by an effect of ammonia or its metabolic products on turnover rates of GDH. Elevation of GDH level can be achieved by either increasing the rate of synthesis or decreasing the rate of degradation. These two alternatives cannot be distinguished on the basis of the present results. It appears that the turnover rates of the two GDH isozymes in oat leaves differ markedly in response to ammonia. The possibility that the two isozymes have distinct physiological functions should be further investigated.
